A numerical model for determining the characteristics of flow and heat has been presented by modifying the eddy diffusivity equation of Sarma et al. The experimental data of thermo-physical properties determined using spherical particles in a wide range of concentration, particle size, materials and operating temperatures are available in the literature. The numerical analysis employed equations, which were developed using the experimental data of thermo-physical properties, friction factor and Nusselt number. Based on the agreement of the numerical results with the experimental data, the influence of concentration and temperature on the turbulent characteristics is presented. It is observed that SiO 2 nanofluid attained higher velocity and lower eddy diffusivity compared to Cu nanofluid at a concentration. The temperature gradient increases with concentration and decreases with temperature.
Introduction
Conventional heat transfer fluids such as water, ethylene glycol and engine oil have lately been subjected to systemic alterations to meet the desired performance expectations due to miniaturization of equipment, and to enhance thermal conductivity. Passive methods of heat transfer augmentation include the use of additives with micron size metal particles dispersed in the liquid [1, 2] . However, the size of these particles for heat transfer enhancement proved to be undesirable, due to problems associated with clogging, sedimentation, erosion of pipe lines and large pressure drop. The advent of new techniques for the manufacture of smaller particles of nanometre size opened new vistas in heat transfer mechanics. Nanofluids, formed by the dispersion of small quantities of nanosize metal and metal oxide particles in base liquids, such as water or ethylene glycol, proved to possess higher values of thermal conductivity compared to the base liquid.
One of the earliest investigations included experiments conducted by Choi [3] with Carbon Nano Tubes (CNT) in engine oil at 1.0% volume concentration, resulting in a thermal conductivity enhancement of 160% of the base liquid value. The establishment of improved thermal conductivity of nanofluids, opened new possibilities in heat transfer applications and have since been investigated.
Research work to determine the thermo-physical properties of nano particles dispersed in different base fluids has been undertaken by various investigators [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The well-known theoretical models of Maxwell [18] and Hamilton and Crosser [19] predicted lower values of thermal conductivity compared to experimental observations at higher temperatures.
Experiments to determine the thermo-physical properties and forced convection heat transfer coefficients with Al 2 O 3 , Cu, CuO, SiC, TiO 2 , ZnO, and ZrO 2 , nanofluids for concentrations up to 4.0% are undertaken mostly with spherical particles of different sizes, concentration and temperatures in the turbulent range of Reynolds number. Analysis for the determination of forced convection heat transfer coefficients has been undertaken for a wide range of Prandtl numbers of single phase fluids. It is fairly established that the thermal conductivity and viscosity of nanofluids is influenced by the shape, size, concentration, and temperature and dispersion stability. The heat transfer coefficients are observed to enhance with concentration with no significant impact due to particle size. The experimental investigations undertaken till now preclude the influence of material properties on the heat transfer coefficient under similar conditions of flow.
A theoretical model for the evaluation of nanofluid heat transfer coefficient under turbulent flow has been presented by Sarma et al. [20] . The authors introduced a correction factor for the mixing length and developed expressions for eddy diffusivity of momentum ( ) . The turbulent characteristics of nanofluid flow and heat, reflected by the eddy diffusivity equation of Sarma et al. [21] are employed in the present analysis. The equations for viscosity and thermal conductivity of spherical nano particles for concentrations up to 4.0% developed by Sharma et al. [22] are used in the analysis. The experimental heat transfer coefficients reported in the literature for various nanofluids are validated with the numerical results obtained. The influence of material properties, nanofluid concentration, and average bulk temperature on the characteristics of fluid flow and heat transfer in the turbulent range of Reynolds number are investigated.
Nanofluid Properties
Nanofluid properties are essential for the determination of friction factor and heat transfer coefficients. The nanofluid properties viz., density and specific heat are estimated with mass balance relations given by:
The thermal conductivity and viscosity of water based Al 2 O 3 , Cu, CuO, SiC, TiO 2 , ZrO 2 and other nanofluids determined at different average particle sizes, temperatures and concentration are available in the literature. The available experimental data is used in the development of regression equations by Sharma et al. [22] with validity over a wide range of nanofluids. The equations estimate the properties of spherical shaped particles dispersed in water given by: 
valid for Equations (1) to (4) are used in the numerical analysis to determine the properties along with the property relations of water given in Azmi et al. [23] .
Formulation of the Mathematical Model
The modeling of turbulence for flow of nanofluid in a tube has been initiated by Sarma et al. [24] . Certain simplifications are made by introducing a correction factor for the mixing length in the development of equations for eddy diffusivity of momentum ( ) nf nf υ ε and heat ( ) nf H α ε . The assumptions made by Sarma et al. [20] are employed in the analysis.
1. The nanoparticles are dispersed uniformly in the base liquid water. 2. The total momentum exchange is due to the sum of the molecular and eddy viscous forces,
3. The nanofluid is assumed Newtonian for concentration 4.0% φ < . This is in conformity with the observations of Nguyen et al. [25] , who conducted experiments with Al 2 O 3 and CuO; Azmi et al. [26, 27] with SiO 2 and TiO 2 ; Yu et al. [12] with SiC nanofluids at different concentrations and particle sizes. The shear distribution across the tube is assumed linear as
4. The thermal exchange due to combination of molecular and eddy diffusivity is given by
5. By dimensional reasoning, the momentum eddy diffusivity equation is structured by Sarma et al. [20] as
6. The thermal eddy diffusivity is related to momentum through the relationship
Sarma et al. [20] 
8. For fully developed turbulent flow, the energy equation can be written as
subject to the boundary conditions that at 0, 9. The equation (11) in non-dimensional form is obtained as: 
11. The temperature correction term
in Eq. (13) is evaluated from the relation ( ) 
The numerical procedure detailed by Sarma et al. [20] is employed in the analysis. They have validated the experimental data for 0.5% concentration of Al 2 O 3 nanofluid. However, the characteristics of nanofluid flow at higher concentrations that have not been presented by them are explored in the present study.
The investigation conducted so far revealed that nanofluid friction factor in the turbulent range depends on density and viscosity ratio, in addition to Reynolds number which can be represented with the equation presented by Azmi et al. [26] as: [17] for nanofluid concentrations up to 4 % is shown in comparison with the numerical results for validation.
Results and Discussion
Numerical results are obtained for parameters such as thermal conductivity, density, specific heat of the material, and the particle size given as input values. If the average bulk temperatures are not stated by the investigator, the results are obtained for different temperatures and compared with the experimental data. Equations for the estimation of water properties utilized in the numerical analysis are given by Azmi et al. [23] .
The experimental data of water undertaken by Azmi et al. [26] is shown in comparison with Dittus-Boelter [28] , Gnielinski [29] and the numerical results as in Fig. 1 . The Al 2 O 3 nanofluid data of Williams et al. [13] dispersed with 46 nm size particle in the range of 0. The experimental data of Xuan and Li [16] undertaken with copper nanofluid is shown in comparison with the numerical results for 0.3 and 2.0 % volume concentration undertaken by the investigator for 100 nm particle size. It is observed that for the concentrations of 0.3 and 2.0 %, the theoretical lines drawn for temperatures of 30 and 20 o C respectively fit the data closely in Fig. 3 , as the author has not disclosed the temperature range of experimentation. The SiC nanofluid experimental data of Yu et al. [12] with 170nm particle size is compared for two temperatures viz., 34 and 57 o C as shown in Fig. 4 . The experimental data of Azmi et al. [26, 27] 
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Advances in Heat Transfer, Flow Engineering and Energy Installations The influence of particle density on velocity profiles of SiO 2 and Cu nanofluids is shown in Fig. 9 for different concentrations for a particle size of 20 nm. The nanofluids are selected for comparison as SiO 2 particles have the lowest density of 2220 kg/m 3 , while Cu has the maximum of 8954 kg/m 3 . It can be observed that the velocity decreases with increase in concentration for both fluids. Further, due to greater density of Cu compared to SiO 2 nanoparticles, the fluid velocities are lower than SiO 2 for the same concentration. nanoparticles. Possibly, particles with higher density are associated with greater values of eddy diffusivity.
The variation of temperature with dimensionless distance for two concentrations and temperatures is shown in Fig. 11 . The influence of temperature is significant compared to concentration as shown by the dashed lines in the Fig. 11 . The gradients increase with concentration and decrease with temperature though not significantly. This is in agreement with the enhancement in heat transfer observed at low temperatures and high concentrations of the nanofluid.
The variation of temperature gradient with Reynolds number is shown for different operating conditions of nanofluid temperature in Figs. 12 and 13. The temperature gradients increase with concentration in the range of 0.5 to 3.5 % at all temperatures of the nanofluid. The gradients decrease with increase in Reynolds number and nanofluid temperature as shown in Fig. 12 . Fig.9 Variation of dimensionless velocity with distance Fig.10 Variation of eddy diffusivity with distance for SiO 2 and Cu nanofluids for SiO 2 and Cu nanofluids Fig.11 Variation of dimensionless temperature with distance Fig.12 Effect of concentration and nanofluid temperature on temperature gradients at different Reynolds number The influence of the particle properties on the temperature gradients is shown for materials viz., Cu, Al 2 O 3 and SiO 2 in Fig. 13 for a particle size of 20nm at 3.5% vol. concentration. The thermal conductivity of Cu is two orders of magnitude greater than SiO 2 . For identical conditions of particle size and volume concentration, the number of nanoparticles should be equal. It can be observed that the temperature gradients of SiO2 are greater compared to Cu as evident from the lines 4a and 2a respectively in Fig.13 under similar conditions. A comparison of the values of density indicate that the density of the particle and temperature gradient are inversely related. It can be inferred that lower density and higher thermal conducting particles can enhance heat transfer coefficients. 
with an AD =2.36% and SD =2.96%.
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Conclusions
The particle size, concentration and nanofluid average bulk temperature are to be considered simultaneously for estimation and comparison of heat transfer coefficients. The theoretical model of Sarma et al. [20] can be employed along with the eddy diffusivity equations to predict the nanofluid Nusselt number. Nanofluid heat transfer coefficients for volume concentration up to 3.7% in the turbulent range of Reynolds number can be estimated with Eq. (16) . The temperature gradients are observed to vary with nanofluid. The energy transfer with nanofluid depends on material properties and thermal conductivity.
